Of the electrical measurements that underpin the broad spect.rnmof modem industry, measurements of voltage, resistance, and impedance are among the most important. In the last few decades, Josephson's effect and the quantum Hall effect have been developed as intrinsic standards for voltage and resistance that provide drift-free values that are, under ideal conditions, related to fundamental constants of nature. These effects have been used for ma~y years by national standards laboratories to maintain fundamental units of voltage and resistance using ex-. pensive and complex measurement systems. It is clear, however, that industrial and governmental primary standards laboratories will greatly benefit from having direct access to intrinsic standards. Such standards would provide these laboratories with higher accuracy, drift-free standards, both reducing the time required to perform calibrations and enabling the production of higher quality products. Because of the complexity and the cost of the equipment required to observe the quantum Hall effect, however, it has not yet found wide application outside of national standards laboratories.
The purpose of this manuscript is to assess the possibility of developing a commercially viable quantum Hall effect-based resistance standards system. Since such a system would have to compare favorably with the resistance standards systems currently in use, the first section of this document describes the capabilities of current resistance standards and calibration systems. These systems have two parts: the actual resistance standard, and the measurement system used to compare other resistors to the standard. A quantum Hall effect-based resistance standard would also consist of two separate sub-systems. The quantum Hall resistor would substitute for the artifacts presently used as resistance standards, but the measurement systems required by the quantum Hall resistors are different than those used with present standard resistors. The first section of this document describes the properties of quantum Hall resistors as resistance standards and compares them to those of the standard resistors presently used. Since the commercial measurement systems presently in use lack sufficient accuracy to be used to compare resistors to a quantum Hall resistor, a commercial quantum Hall effect-based resistance standard will require the development of new, low-noise measurement systems. The conclusion of the first section of this document describes the specifications that would have to be met by the new measurement systems. The second section of this document investigates the requirements that would have to be met by the various components of the system, including the sample, cryogenic system, and measurement system, in order to deliver these capabilities. In the last section, several possible commercial quantum Hall effect-based resistance standards systems are described, together with the scientific challenges involved in realizing them. 
Capalnlllies o~stance Ca~on Systems
In order to be commercially viable, a quantum Hall effect-based resistance standard system will have to compete favorably with the resistance calibration systems currently in use. Therefore, before specifications for such a system can be defined, it is necessary to examine the capabilities of current resistance calibration systems. The dissemination of a unit of resistance requires two things: an artifact, which is called the "resistance standard", which has a known value of resistance; and a measurement system capable of comparing this standard to other resistors. The uncertainty of the final resistance calibration is a combination of the uncertainty due to the stability of the standard and the uncertainty that can be achieved by the measurement system. This section describes briefly the types of resistance standards that are presently used, the limitations on their accuracy, the types of measurement systems presently in common use, and the limitations on their uncertainties.
Present capabilities 1.What is calibrated?
The primary means used by industrial and primary standards laboratories to maintain the unit of resistance are resistors made from a length of wire wrapped round a special form. By far the most common values are 1 nand 10ka, with 100n resistors being used somewhat less frequently. While the most common resistors used in the United States are the 1n Thomas-type resistors, the 10 kn resistors have found favor because they are closer.to the middle of the range of resistances required by the end user, and therefore errors in scaling between the 10k.Qand other resistance values are less than with the 1 n resistors.
Limitations on standard resistors
Wire resistors, however, do not provide invariant values of resistance: their values tend to drift with time as the wire from which they are made ages. Typically, the values of the 1 n (Thomas-type) resistors drift at a rate of = 0.05 ppm per year, while the 10 k.Q resistors drift at rates of about 0.2 ppm per year1. In addition, the resistance of the wire is a function of the temperature, and also of the stress on the wire, which can be affected by such factors as atmospheric pressure and humidity. For this reason, the most accurate resistors must be maintained in sealed enclosures, the temperatures of which are accurately controlled. While the temperature, pressure, humidity, and time-dependence of the resistances are generally predictable, the resistance of the wire occasionally jumps, or the slope of the drift changes in an unpredictable manner. For this reason, wire resistors must be periodically recalibrated at a national standards laboratory, such as NIST, where they are compar~to a resistance standard whose value is known, usually in terms of the quantum Hall resistance.
While the particulars of the calibration procedures are often quite complex, they generally involve passing currents through two resistors to be compared (a standard and a resistor to be cali-.
As a result, the only way to achieve high accuracy calibrations in reasonable measurement times with presently commercially available measurement systems is to make the voltage across the resistors as high as possible, which requires passing the largest possible currents through them. The problem is that when current is passed through a resistor, heat is dissipated. If the power dissipated is sufficiently low, the form around which the wire is wound and the surrounding medium will remove the heat and prevent the temperature of the wire resistor from rising significantly, but if excessively large currents are used, the temperature of the resistor will rise, affecting its value. Most resistors in use today can dissipate as much as 10mW of power without exhibiting significant self-heating. This limits the measurement currents to 1 mA for 10k.Qresistors, and 100mA for 1 a resistors. With most commercially available measurement systems in use today, such currents permit calibrations with expanded relative uncertainties2 with a coverage factor one of 0.05ppm to 0.15ppm in measurement times on the order of a half an hour.
1.1.3. Types of calibration systems. currently used .
There are four main types of resistance comparators that are used to calibrate resistors in indusBinarỹe trial and governmental primary standards laboratories. The most common are commercially D':::tfKKJ available direct current comparators and Kelvin Bridges, which are primarily manual systems kancies-0.1 ppmat present (automated versions are under development in some laboratories). Recently, automated (i.e. computer-controlled) Binary Voltage Dividers and digital voltmeter (DVM)-based 2 If a measured quantity R has an expanded uncertainty with coverage factor one equal to sel, then repeated measurements of the quantity R will lie within the interval (R-sel)to (R+Sel)68.3 %of the time.
For more information about the determination of uncertainties, see the Guide to the Expressionof Uncertainty in MeAsurement (International Organization for Standardization, Geneva, Switzerland, 1993) . The quantity sel is also often called a one standard deviation or 10'uncertainty. All uncertainties quoted in the rest of this manuscript will be one standard deviation uncertainties. measurement systems have become available.3 These measurement systems are quite different in detail, but all share the common principle that currents are passed through the two resistors to be compared, and the voltages across the two resistors are compared. Since all of these measurement systems operate at room temperature and utilize room-temperature detectors to measure the voltage differences, the noise in these measurement systems is of such a magnitude as to require the use of the maximum possible measurement currents (see previous section) in order to permit calibration uncertainties of =0.1 ppm in measurement times of about half an hour when comparing resistors with nominally the same value. The uncertainty achieved when scaling (i.e. comparing resistors with nominally different values, such as 10kQ and 100Q) is usually much worse, being between a few tenths and 1 ppm for direct current comparators. The automated DVM-based measurement system developed at NIST4has achieved relative combined uncertainties less than 0.1 ppm when comparing resistors with values that differ by as much as a factor of 4. Limitations on the accuracy, stability, and internal noise in currently available digital voltmeters, and the reprodudbility of contact resistances and thermal voltages in the switches used to connect the DVM to the resistors will likely prevent this technique from achieving relative combined uncertainties much better than 0.03 ppm.
Generally, the noise in the (room-temperature) detector used to detect the bridge imbalance, which is proportional to the difference in the values of the resistors being compared, is much larger than the thermal noise in the resistors, and is the major factor limiting the ultimate accurades and speeds with which measurements can be made. Because the one standard deviation uncertainties produced by most of these measurement systems are in the 0.1-1ppm range, the drifts in the values of the standard resistors are usually within the general level of uncertainty in the calibration and are a fairly minor problem. As a result, the resistors are usually only returned to NIST every one or two years for re-calibration.
Conclusion
Present commercially available calibration systems are quite simple and inexpensive to use, as all the components are maintained at room temperature. These systems have two components: wire standard resistors, and measurement systems, both of which are limited in their ultimate accuracy. The values of the wire standard resistors drift with time, and are functions of the ambient temperature, humidity, and pressure. The uncertainties in the determinations of the correction factors associated with each of these effects limits the ultimate uncertainty in the determination of the values of these resistors. In addition, because the values of resistors, or the slopes of the dependences of the resistances on time and ambient conditions sometimes change erratically, periodic re-calibration of the wire standard resistors at a national standards lab is required. The 3 Descriptions of the particulars of the operation of these systems are beyond the scope of this manuscript. Excellent summaries can be found in the monograph of R F Dziuba, et ale(footnote 1),and in F Delahaye, "DC and AC Techniques for Resistance and Impedance Measurements," Metrologia 29 81-93 (1992) . The other factors limiting the ultimate uncertainty attainable with current calibration techniques are the limited resolution and accuracy of commercial measurement systems. These systems use room temperature detectors, and require that high currents (of 1 mA to 100mA) be passed through the resistors to generate voltages high enough to permit calibrations to be effected with one standard deviation uncertainties of 0.1 ppm to 1 ppm in measurement times of 0.5 hour to 1 hour. Thus, in present practice, the resolution of the measur~ment system is of the same order of magnitude as the stability of the wire resistors, and the resistors must be periodically re-calibrated at NIST every few months to few years, depending on the accuracy required.
These limitations have led to the desire for an invariant standard of resistance that was simple and inexpensive enough to find application in industrial and governmental primary standards laboratories. same order of magnitude as, or in some cases actually less than the resolution of the measurement systems. Thus, while the quantum Hall effect provides an invariant standard of resistance that can be used to replace the standard resistors currently used, no benefit would be obtained from doing 50unless the accuracy of the measurement systems used were greatly improved. In contrast to the case of the Josephson array voltage standard, which only required the development of the standard (viz., the samples, the cryogenic systems, and the associated microwave electronics), a commercially viable quantum Hall resistance standard requires not only the development of a commercially viable quantum Hall resistor (including samples, cryogenic systems, and magnets), but also the development of a new, higher accuracy measurement system that can be commercially produced. In the last part of this section, the ultimate limitations on the quantum Hall effeet as a resistance standard are described, and a set of specifications for a commercially viable quantum Hall effect-based resistance standards system, including the measurement system, are derived.
Ultimate limits on the quantum Hall resistance
As the strength of the magnetic field is increased, the resistance of a quantum Hall device maintained at cryogenic temperatures will achieve, in certain ranges of magnetic field, constant values equal to h/ie2, where h is Planck's constant, e the electronic charge, and i an integer (see Fig.   1 ). For i = 4, this Hall resistance is 6453.201 750Q; for i = 2, it is 12906.403500 Q; and for i = 1, it is 25 812.807Q. The magnetic field at which the plateau is observed is inversely proportional to i:in other words, the i = 2 plateau occursat twicethe magneticfieldstrength at which the i = 4 plateau is observed. Because higher magnetic fields are more expensive and difficult to obtain, the i = 4 plateau is most commonly used. The i =2 is the next most commonly used plateau, and is often used by national standards laboratories because the voltages across the device will be higher for a given current, and the larger the voltage, the larger the signal-to-noise ratio, and the less the averaging time required to obtain a given accuracy. Both of these plateaus have resistance values that are dose to the value of 10 k.Qresistors,"and are therefore quite convenient for calibrations of most commonly used resistors.
Unlike wire resistors, the resistance of a quantum Hall device does not drift with time, nor is it affected by pressure or humidity. It is, however, a function of the temperature of the deviceS (see Figs 1,4 and 5), but for most devices, this temperature dependence is not measurable at tem-5 M E Cage, B F Field, R F Dziuba,S M Girvin, A C Gossard, and DC Tsui, "Temperature Dependence of the Quantum Hall Resistance," Phys. Rev. 830(4), 2286-8(1984) . This is discussed in more detail in Sec. 2.21. vices have been shown to be the same with an uncertainty of less than 0.003ppm.6 Hal resistor hasless Because it is maintained at C ry o g enic tem peratures, the noise in a q uantum Hall device is much ttois8lhan .we resistor less than in a resistor of the same nominal value at room temperature: in fact, the nns thermal noise voltage in a quantum Hall device at 1.3 K on the 12 906.403500.Qresistance plateau is 30% less than that in a room temperature loo.Q standard resistor and about a factor of 13 less than the noise in a room temperature 10 ka resistor? This makes it theoretically possible to achieve higher levels of accuracy with much shorter measurement times than are possible with roomtemperature resistors.
DesignCriteria forCommercial QHEResistance Standard
To a certain extent, this advantage is offset by the limited current-carrYing capacity of quantum Hall devices (presently 25 flA to 100J,1A), which means that the voltages across the resistors being compared are smaller (between 161 mV and 645 mV for the i =4 plateau) than with room temperature resistors which can easily carry 1mA of current and provide voltages as high as 10 V. For currents above about 60 J,1Afor the i =2 plateau and 80 J,1Afor the i =4 plateau, however, not only is the rms thermal noise in a quantum Hall device less than in a 10 kn resistor, the signal-to-noise ratio of the Hall device is greater than that in a room temperature 10 kn resistor. Under these conditions the accuracy and stability of the quantum Hall resistor far exceed those of any wire resistance standard available. It is important to note, however, that the ability to take advantage of this low noise requires a measurement system that has low noise and high sensitivity: the primary limitation in most room-temperature measurement systems is the noise of the detector used to compare the voltages across the two resistors being compared, not the thermal noise in the resistor. The quantum Hall effect provides an invariant standard of resistance that has many advantages over the wire standard resistors presently used for resistance calibrations, and as a result has been used for many years by national standards laboratories as a resistance standard. The measurement systems used by these laboratories, primarily potentiometric comparators and cryogenic current comparators, have such low noise and high accuracy that the quantum Hall resistors could be compared with uncertainties approaching a few parts in 109. Such measurement systems, however, are very complex and must be assembled by hand in a very painstaking manner, and cannot be readily commercialized. With the commercial measurement systems commonly employed in industrial labs today, however, it scarcely makes sense to replace the wire standard resistor with a quantum Hall resistor, as these systems are capable of uncertainties of only 0. 1 ppm, and at these levels of accuracy, wire standard resistors are quite adequate as resistance standards. With measurement systems capable of uncertainties of the order of 0.01ppm, however, the correction factors that would have to be applied for the drifts in the value of a wire standard resistor would significantly decrease the accuracy of the calibration, and the use of a quantum Hall resistor would be highly beneficial. If such high-accuracy measurement systems, in conjunction with quantum Hall resistors, were available commercially, great savings could be effected, for calibrations at the present levels of accuracy could be accomplished in orders of magnitude less time, the need and expense for periodic re-calibrations of the wire standard resistors at NIST would be largely eliminated, and industrial users would be able to utilize the much higher accuracy levels in new products.
The development of a commercial quantum Hall-effect based resistance standard system therefore has two components: the development of a commercially viable quantum Hall effect "resistance standard", and the development of a commercially viable measurementsystem. National standards laboratories have used the quantum Hall effect as a standard of resistance for many years, so such a system is possible:the challenge is to make the system commercially viable. The following sections describe in more detail the components of the QHE standard and the measurement system. Tables I and II summarize the characteristics that a commercially attractive QHE-based resistance standard and measurement system, resPeCtively,might possess.
i) OHE ResistanceStandard:
Rather specialized conditions are required to observe the quantum Hall effect. A quantum Hall effect-based resistance standard is comprised of 3 main subsystems: a sample, a cryogenic system capable of maintaining temperatures less than 1.5 K, and a magnet capable of generating fields of about 4 to 8 T (40000 to 80000 Gauss). Present quantum Hall effect systems consist of large superconducting magnets bathed in liquid helium. The sample is cooled either by a 4He refrigerator (Le. the sample is bathed in liquid 4He, which is cooled by causing it to evaporate by reducing the vapor pressure above it by means of a vacuum pump) or by a 3He refrigerator (which operates on the same principle, but uses the helium isotope with atomic mass 3, rather than 4). These refrigerators are capable of producing temperatures of == 1 K and == 0.3 K, respectively, but both consume large quantities of liquid cryogens, which are quite costly.
In order to be made commercially viable, a quantum Hall effect-based resistance standard would have to be less costly to acquire and maintain, which essentially translates to reducing the size of the magnet, and simplifying the cryogenic system by Magnetic Field 4-8 T reducing or eliminating the requirement for liquid Temperature s 4.2 K helium, which is quite costly. The lower the Resistance == 10kn maximum field the magnet is capable of, the less Current ==80 Jl.A expensive it is, but there are lower limits on the Refrigeration System magnetic field imposed by the device requirements, Hold Time~9 h which are discussed in more detail in Sec.2.2.4below. A practical range for the magnetic field is 4-8 T, as this permits the observation of high quality resistance plateaus and can be achieved with compact, inexpensive, commercially available superconducting magnets. 
DesignCriteriaforCommercial QHEResistance Standard
As regards the refrigeration system, both 4He and 3He refrigerators consume large quantities of liquid helium (typically== 25-30liters/day), which is quite expensive(~$5/liter in the U.S.A., and as much as $20/liter elsewhere). A quantum Hall effect resistance standard that operated at 4.2 K (the temperature of liquid helium at atmospheric pressure) would not require the refrigerators, and therefore the need for liquid cryogens would be greatly reduced, but not eliminated. Because such systems would still consume cryogens it is important that the capacity of the dewar be sufficient to maintain the quantum Hall device at operational temperatures for at least one working day ("hold time" of about 9 hours), before having to be re-filled with liquid helium. If it should prove to be possible to cool the quantum Hall device with closed-cycle refrigerators that do not require cryogens at all, the sample could be continuously cooled, and the "hold time" of the dewar would not be a problem (see Sec.2.3.1for more detailed discussion). A summary of the optimum requirements for a commercially viable quantum Hall effect-based resistance standard are shown in Table I . Cryogenic systems are presently commercially available that meet these criteria, and are not excessively expensive. The challenge in utilizing these systems in a quantum Hall effect-based resistance standard is in developing samples that can be operated at 4.2 K (see Sec. 2.2.1).
ii) Measurement System: Present commercial measurement systems cannot profitably be used with a quantum Hall effect-based standard resistor, for while they achieve relative uncertainties of about one part in 107(0.1ppm), they achieve these uncertainties with measurement currents (and hence voltages) more than an order of magnitude larger than the largest currents that can be used with quantum Hall devices. At the lower currents required by quantum Hall devices, the uncertainties achieved by these systems would be much larger than 0.1 ppm. The measurement systems that have been used in national standards laboratories to maintain the standard of resistance, while capable of achieving extremely low uncertainties, cannot be readily commercialized because of their complexity. As a result, new measurement systems must be developed that are less costly to build, can be automated, and can achieve relative uncertainties on the order of 0.01ppm with measurement currents of == 80 J.1.A in measurement times in the range of 10 to 30 min. Such a measurement system would permit resistor comparisons with uncertainties of the order of 0.1 ppm in significantly less time than current systems. There are several possible measurement systems that could meet these requirements and these are discussed in Sec.2.4 below. While the discussion has until now concentrated solely on dc measu"rements,the quantum Hall effect can also be used as an intrinsic ac standard of impedance.8 The development of the QHE as an ac impedance standard would require the development of new measurement systems, and is currently the subject of much research at national standards laboratories, including NIST. cessful, this work would make a QHE-based resistance standard even more attractive by making the maintenance of separate dc and ac impedance standards unnecessary.
2. QHE System Requirements 2.1. General aspects of a system
In order to design a QHE-based standard system with the specifications derived in Sec. 1.3, it is necessary to examine the factors that influence the performance of the different components of the system and determine whether they can be controlled sufficiently well to permit the realization of these goals. The three main components of a quantum Hall effect-based resistance standard system are:
·Sampl e (QHE Resistance Standard) ·Cryogeni c System and Magnet (QHE Resistance Standard)
· Measurement System
Each of these components interacts with the others, so the task of designing the system is quite complex. For example, the particular strength of magnetic field, and hence the size of the magnet required, is a function of both the desired resistance as well as of the sample design. More importantly, the ultimate cost of the system, which largely determines the viability of a commercialsystem, is largely determined by the size of the refrigerator required, and the quantities of liquid helium consumed, which are in turn determined by the properties of the sample. In this section, the requirements that must be met by each of the components of the system in order to fulfil the specifications derived in Sec. 1.3 are described.
Sample requirements
In order to observe the quantum Hall effect, the conducting electrons must be confined to a thin, essentially two-dimensional sheet called a 2 dimensional electron gas (2 DEG). The highest quality samples that have been made to date create this 2 DEG in a potential well at the interface between thin layers of GaAs and AlGaAs (called a heterostructure) grown on a wafer of GaAs using the technique of molecular beam epitaxy (MBE). To prepare a quantum Hall resistor from such a heterostructure wafer requires (refer to Fig. 2 ) the shaping of the heterostructure into a pattern of a Hall bar and the fabrication of alloyed contacts with extremely low resistance.
The design and quality of the heterostructure affect the values of magnetic field at which the various plateaus will be observed, and the temperature and current dependence of the plateau values. The geometry of the Hall device will also affect the magnitudes of the temperature and current dependence of the plateau values.
In this section, the important effects that influence the performance of the Hall device will be discussed, including the present state of understanding of the causes of each of these effects, and, when possible, the relation between these causes and controllable sample parameters. A graphical summary of these relationships is shown in Fig. 3 . The possibility of controlling each DesignCriteria for Commercial QHEResistance Standard of these effects sufficiently in order to achieve the design goals listed in Table I , namely, a sample that operates at temperatures near 4.2 K and currents near 80 J.1A, will be assessed.
Temperature dependence
When current is passed through a Hall device as shown in Fig. 2 , one can measure the voltage drop along the axis of the Hall bar, denoted Vx, the Hall voltage across the bar, VH, and the voltage between the current carrying contacts, which are also called the "source" and "drain" contacts. When this latter voltage is divided by the current, one obtains the 2-terminal resistance of the device. Under ideal conditions,the voltagedrop Vx is zero, and VHis equal to the source-drain voltage. Since the source-drain voltage in practice includes the voltage drop across contact resistances, and since the Hall voltage VH is equal to the current times h/ie'l, the Hall voltage is usually used to compute the resistance of the device. At higher temperatures (generally, above about 1.2K), however, Vx does not vanish over a broad range of magnetic field, but rather, as shown in Fig. 4b , is "U"shaped. The plateaus in the Hall voltage are not flat and constant, but, as shown in Fig. 4a , have a slight slope, i.e., dVH/dB:I: O. All three quantities, viz. Vx,dVH/dB, and the deviation of the value of VH,measured at the magnetic field at which Vx is minimum, from its ideal value of h/iil, AVH/(Ih/ie'l) == [(VH-Ih/ie2)/(Ih/ie2)], all vary with temperature, reaching essentially constant values equal to their ideal values only at the very lowest temperatures (generally, below 1 K).9
The explanations for these temperature dependence effects are not clear even today. Numerous complex explanations have been advanced, but none seem entirely satisfactory. It appears furthermore, that the temperature dependencesof Vxr the deviationof VHfrom its ideal value [AVH/(lh/iil)] , and the Hall plateau slopes (dVH/dB), are all due to different effects. These temperature dependences are not caused solely by defects in the heterostructure, but are affected by the geometry of the sample, the homogeneity of the 2 DEG,and numerous other properties.10 In addition, the exact form of the temperature dependence is different every time a sample is cooled down. Surprisingly, why this should be so is actually understood. At room temperature, there are many free carriers present in the donor and capping layers, and as the temperature is cooled, these carriers become bound to donor ions, and also to defects or trap impurities in the spacer layer and donor layer. It is generally difficult to cool the sample uniformly, so if one side gets "splashed" with liquid helium before the other side, the carriers on that side will "freeze out" before those on the warmer side, resulting in an inhomogeneity in the electron density in the 2 DEG. Since it will be impossible to reproduce this exact cooling procedure a second time the inhomogeneities in the 2 DEG will be different on subsequent cool-downs. Since the temperature dependence is a function of the inhomogeneities in the 2 DEG, the exact form of the dependence of Vx,AVH/(lh/ie2), and (dVH/dB) on temperature, and even the magnetic field at which the plateaus are observed, will be different for each cool-down. Fig. 3 . Schematic diagram illustrating the relationships between the variables that affect the performance of a quantum Hall device and the various effects that limit the accuracy of a quantum Hall resistance standard. As can be seen, this is a very complex phenomenon, and each effect that limits the accuracy of the quantum Hall resistor, such as temperature dependence, is influenced by a large number of variables. Optimizing the perfonnance of a quantum Hall resistor therefore requires the simultaneous optimization of a large number of parameters, which is a very difficult task. In order to produce a quantum Hall device that can be used as a resistance standard near 4.2 K, as specified in Table I , it is either necessary to eliminate the temperature dependence, or to control it in such a way that it is reproducible each time the sample is cooled down, so that a temperature dependent correction factor can be accurately derived and applied to the resistance of the Hall device. While one sample was prepared in Germany that reportedly did not exhibit measurable temperature dependence at temperatures as high as 4.2 K, this work has not been reproduced.
Relation between fj V';(IW) and Vx
is independent of coolcbm There does appear, however, to be two.possible ways to control the temperature dependence of the Hall resistance. The first relies on an observation of M E Cage et al. [see footnote 5] on two samples. While the actual forms of the temperature dependences exhibited by these samples were different each time they were cooled from room temperature,.the value of~VH/(Ih/ie2) was always a constant multiple of Vx at any temperature (see Fig. 5c ). The value of this multiple was independent of cool-down and dependent only upon the particular probe pairs used to measure VHand Vx. Subsequent work by van der Wel (footnote 10),however, indicated that this behavior may be reproducible only for samples with wide potential probe contacts. If this should prove to be correct, it would appear to be possible to use such a quantum Hall device as an accurate resistance standard at temperatures as high as 4.2 K by performing the following procedure:
. Set the magnetic field at the minimum in the Vx vs B curve;
. Accurately measure Vx using the same current that will be used to measure VH;ll . Determine the correction factor~VHby multiplYing Vxby the pre-determined constant;
. Compare the voltage across the resistor being calibrated with the Hall voltage measured at the magnetic field at which Vx is minimum (set in the first step), determine the value of the resistor relative to the Hall resistance, and apply the correction factor derived above.
More research would have to be done, however, to determine the conditions under which the relationship between~VH/(Ih/ie2) and Vx is independent of cool-down, and under which the above procedure could be reliably used.
The second possible technique for controlling the temperature dependence relies on an observation of d'lorio and Wood12 that a single quantum Hall device that was cooled very slowly and uniformly from room temperature to liquid helium temperature exhibited no observable AVH/(Ih/ie2) at temperatures below 3.8 K. A cooling rate as slow as the one used by d'lorio and Wood is rather difficult, but not impossible, to produce in cryogenic systems in which the sample is bathed in liquid helium. In contrast, if a c1osed-cyc1e refrigerator were used to cool the sample instead of liquid helium, such slow cooling rates would readily be achieved, for the refrigerator would have to cool both the sample and the magnet, which would take as long as 24 hours or . morewith present refrigerators.Moreresearchmust,however,bedonein order to determine the optimum cooling rates, and to determine how reproducible these effects are for a given sample, and whether they can be observed reproducibly in different samples. 
II<'ed DesignCriteriafor Commercial QNE ResistanceStandard
As noted above, the slope of the Hall plateau, dVH/dB, also varies with temperature, and can be quite large at temperatures as high as 4.2 K. For most presently available samples, the value of this slope is immeasurably small at temperatures below 2.2 K. It has been shown that the higher the mobility of the heterostructure, the higher the temperature at which the slope becomes immeasurable,13 so it is theoretically possible to prepare a sample that has negligible dVH/dB at 4.2 K. The problem is that generally, the higher the mobility of the sample, the lower the maximum current that can be passed through the sample before it breaks down (see section on current dependence below) and the narrower the plateaus in the Hall voltage.
It should be emphasized that to date, very little work has been done on temperature dependence, and the theoretical understanding of the factors that influence it. The relation of these factors to controllable sample parameters is as yet poorly understood. Much work remains to be done to understand the effects of contact width, cooling rate, mobility, and even measurement current on the dependences of l>.VH/(Ih/ie'l), Vx,dVH/dB on temperature, and of l>.VH/(lh/ie'l)on Vx. There are however, several promising techniques for controlling this temperature dependence that have been demonstrated to work on isolated samples, but more research must be done to understand the conditions under which these techniques can be used reliably and reproducibly.
Current dependence
In the absence of temperature effects, the resistance of a Hall device is equal to the ideal value of h/ ie'lonly when sufficiently low currents are passed through it. If the current exceeds a certain critical value, Vx suddenly increases dramatically, and the mechanisms responsible for current transport at lower currents break down (SeeFig. 6). The large values of Vx cause deviations of the Hall resistance from its ideal value of h/ie'l, and the device can no longer be used as a resistance standard.14 This phenomenon is known as breakdown. M E Cage, et al. showed that even at currents approaching the critical breakdown current at which Vx is quite large, the deviation of the Hall voltage from its ideal value, l>.VH/(lh/ie2),can be negligible.15 Even though these observations seem to indicate that quantum Hall devices can be used as resistance standards at currents of several hundred microamperes, this may not always be the case. It has been observed that breakdown can occur in isolated regions of the sample giving rise to rather large noise at currents less than the critical current [see van der Wel, footnote 13], an effect that is particularly pronounced in high mobility samples. relation between [4ARHIRKJand V Xshown in &hisgraph has been found to be the same, independent of cool-down 011&few, but not aUsamples. Forthc samples for wbich the relation is cooldown independent, the relationship between [4ARHIRKJand VI. for a given probe pair can be dcteunincd once and used to extrapolate the ideal value of the Hall resistance from measu ents taken at temperatures at which VI. is non-zero on subsequent cool-downs. (Vx) is, at low currents, essentially equal to zero but at higher currents the device will suddenly break down, and Vx will become quite large. This figure shows Vx/I as a function of current through the bar. This resistance should be zero at low currents, but is not in this graph because of thermal voltages and noise (due to extremely short averaging time for each point). It is clear that Vxbegins to increase at currents far below the critical current at which the device breaks down (280JlA). As Vxbecomes non-zero, the value of the resistance of the quantum Hall device may deviate from the ideal value of h/ie2, so difficulty might be experienced in using this device as a resistance standard at currents as low~s 100-150JlA.
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At present, samples are available that have critical currents as high as 300JlA when measured at temperatures less than 1.2 K. Unfortunately, the critical current tends to decrease with increasing temperature, and may be considerably less at 4.2 K than at 1.2 K. Presently, national standards laboratories perform resistance calibrations with currents much less than the critical current: NIST currently uses 25 J.LA, 40 JlA,and 60JlA,and is presently trYing80 J.LA. Research would have to be conducted to determine the exact form of the temperature de~ndence of the critical current, and determine the maximum currents that can be used for high accuracy calibrations at different temperatures.
As mentioned in Sec.1.2above, one would ideally like to use currents of 80JlAor greater, in order to increase the voltages across the Hall device and thereby decrease the measurement time required to achieve a certain accuracy. This goal appears to be possible, but requires compromises in selection of the sample parameters. While high mobility samples tend to have lower critical current densities (200J1Inwide samples with mobilities over 100m2IV -s can have critical currents as low as 1-25J.LA -see van der Wel, ref. 13), the use of lower mobility samples with higher critical current densities is not always desirable, for, as mentioned in the previous section, the lower mobility samples exhibit more pronounced temperature effects. At present, the optimum sample mobilities are in the range of 10 to 40 m2/V-s (see Sec.2.2.4below). For a given mobility, the critical current tends to increase linearly with the width of the sample (for sample widths~25 J1m), but in order to prevent geometrical effects from causing corrections to the Hall voltage, one must increase the length in the same proportion as the width. Since critical breakdown currents (and also temperature dependences, plateau widths, etc.) are very sensitive to inhomogeneities in the 2 DEG, and since increasing the area of the device increases the probability that large inhomogeneities will be present in the device, there is an upper limit to the size of the device. The actual limiting size is a function of the quality and uniformity of the heterostructure material from which the device is made.
The current dependence of AVH/(Ih/ie'l) is also a function of the quality and design of the contacts through which current enters and leaves the sample, and of the homogeneity of the donor density and the uniformity of the spacer layer thickness in the heterostructure from which the quantum Hall device is made. Some research would have to be conducted to determine the optimum dimensions of a Hall device and the optimum design for the contacts and heterostructure, but it appears from the experience with present samples, that it is probable that a sample that will operate at currents in the range of 80-100J.LA can be made. Whether such a device could be operated at 4.2 K at these currents is another question, which would require further research: generally, the current dependence effects are much less than temperature dependence effects, so the problem of producing such a device reduces to the problem of controlling temperature dependence discussed in the previous section.
Current dependence function of geometry
Parallel conduction
In order that the resistance of the quantum Hall device equal h/ie2, all the current must flow through the 2 DEG. If any of the other layers in the heterostructure, such as the donor layer or cap layer, conduct electricity, then the resistance of these layers will contribute to the resistance of the device, and cause a deviation of the resistance from the ideal value of h/ie2. This devia- Fig. 7 ). It can be effectively eliminated either by appropriately choosing the thickness and donor density in the donor and cap layers, or by etching away the capping layer, and, if necessary, part of the donor layer until the parallel conduction vanishes, although in practice this is a difficult and very time consuming job.
Plateau positions and widths
The range of magnetic field over which any given plateau is observed is determined by the electron density in the 2 DEG, which in turn is determined by the design of the heterostructure, specifically, the thickness of the spacer layer, and the donor density in the donor layer. The choice of the magnetic field range, however, involves a compromise between a number of different factors. Quantized Hall resistance plateaus with resistances less than 6.45 kn (i.e., i > 4) do not extend over a broad range in magnetic field, and Vx does not generally go to zero, which results in large deviations of the Hall plateau value from the ideal hI ie'2,making these plateaus unsuitable for use in resistance calibrations. In addition, the widths and slopes of these plateaus are strongly temperature dependent and the lower resistance plateaus may not even be observed at temperatures around 4.2 K (see Fig. 1 ). The higher resistance plateaus (i = 4, 2, and 1), on the other hand, are very broad and flat, and Vx vanishes over a significant portion of the plateaus, particularly for the i = 1 and 2 plateaus. In addition, for a given current, the voltage across the Hall device is larger for the higher plateaus, making it possible to perform highly accurate resistance comparisons more quickly. As a consequence, these plateaus are used at national standards laboratories for resistance calibrations.
The higher resistance plateaus, however, occur at much higher values of magnetic field than the lower resistance plateaus. While the electron concentration in the 2 DEG can be varied to cause any plateau to occur at any value of magnetic field, the width of the plateau decreases and the temperature dependent slope dVHIdB increases markedly as the magnetic field at which it is observed decreases. For this reason, a practical lower limit to the magnetic field at which the. i =4 plateau is observed is about 4 T. Because the i =2 and i =1 plateaus are inherently broader than the i =4 plateau, it is possible that samples exhibiting these plateaus at fields below 4 T, and possibly as low as 2-3T, could be used as resistance standards, but some research would have to be done to verify this. To maximize the width of the plateau and minimize Vx (thereby minimizing the deviation of the Hall resistance from its ideal value of hlie2), the electron concentration should be chosen to cause the plateau to occur at the maximum possible magnetic field. Higher magnetic fields, however, require larger, more expensive superconducting magnets. In addition, if one attempts to make the plateau occur at too high a field, such as above == 8 T for the i =4 plateau or == 4.5 T for the i =6 plateau, the electron density in the 2 DEG will have to be so high that higher sub-bands in the potential well will be occupied (see Fig. 7 ), the conditions required to observe quantized Hall resistances equal to hI ie2will not be met, and the sample will not be usable as a resistance standard.
fieldIBngeis Experience has shown that the optimum magnetic field range for observing the i =4 plateau is 4 8T to 8 T, a field range that is readily achieved with fairly inexpensive NbTi superconducting solenoids. Standards-quality samples can also be made with electron density such that the i=2 or i = 1 plateaus are observed in this magnetic field range. The field range over which a given Magnetic Field (T) 7 8
Fig. 7. As described in Sec.2.2.4, the higher the electron concentration, the broader the plateau, and the higher the field at which it occurs. Too large an electron concentration, however, causes electrons to populate higher sub-bands. This in turn has a number of complex effects on the characteristics of the Hall device, as shown above. (7a) In samples in which only the lowest sub-band is populated, one only observes the high-frequency oscillations of Vx with increasing magnetic field, and the minimum values of Vxvanish at higher magnetic fields. In samples in which the higher sub-bands are filled, an additional lower-frequency oscillation in Vx is observed, as shown in the inset at left above. As the grey line in the figure at right indicates, these longer-period oscillations are still visible at higher fields (the minima of this longer period oscillation are indicated by arrows). This, coupled with parallel conduction in one of the upper layers of the heterostructure prevents the minimum in Vx from vanishing on the i=4Hall plateau. (7b) Conduction by electrons in the second sub-band and by electrons in the upper layers of the heterostructure has the same effect as adding a resistor in parallel with the Hall device, and lowers its effective resistance. The i=4plateau observed on this particular sample, N335.2, gives a resistance of only about 5.1 kQ, which is a very significant deviation from the ideal value of hi 4e2 =6453.201 750 Q.
plateau is observed is a characteristic of a particular heterostructure and a particular sample: in other words, one can not make a single standards-quality sample that will exhibit different plateaus in a given field range.16
The widths of the Hall plateaus are also functions of the mobility of the sample. Surprisingly, the higher the mobility, the narrower the widths of the plateaus [see van der Wel, footnote 13]. The optimum plateau widths occur with mobilities in the range of 1040 m2/V-s. This appears to be the optimum mobility for quantum Hall devices, for samples made with mobilities larger than this, in addition to having narrow plateau widths, tend to have very low breakdown currents (cf. Sec. 2.2.2 above).
The plateau widths are also influenced by the geometry of the sample, and the widths and geometry of the potential contacts on the side of the Hall bar. Samples with large length to width ratios tend to exhibit broader plateaus,17 while samples with wide potential contacts tend to exhibit a large decrease in Hall voltage at the high magnetic field end of the plateau, which decreases the width of the plateau.18 While some research would have to be done to determine the optimum geometry for a sample to operate at 4.2 K and 80 JIA,sufficient information is available that it should be possible to prepare a sample that exhibits the plateau in the desired magnetic field range, and does not require significant geometrical correction factors.
It should be noted that it is of the highest importance that the donor density in-the donor layer and the spacer layer thickness be of the highest uniformity. Significant variations in either can cause large variations in the electron gas density, which in the most extreme cases can cause plateaus in Vx and VHmeasured between adjacent probes to occur at different values of magnetic field (see Fig. 8 ). In such cases, large deviations of the Hall resistance from its ideal value of hi ie2will be observed, and the sample will not be usable as a resistance standard. Less extreme variations in the electron gas density give rise to enhanced temperature dependence effects and possibly to lower critical currents.
Cryogenic system
The primary purpose of the cryogenic system is to provide the conditions necessary for the observation of the quantum Hall effect. The sample must be cooled to sufficiently low temperatures 
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and must be placed in a sufficiently high magnetic field that plateaus in the resistance are observed, and that deviations from the ideal h/ie2 value of resistance are small. The actual conditions necessary to achieve these requirements are strong functions of the sample, as has been discussed in the previous section. A variety of cryogenic systems exist that can be used to produce a wide range of conditions under which the quantum Hall effect can be observed. In this section, possible cryogenic systems are discussed and evaluated with particular attention paid to the goals discussed in Sec. 1.3.
Temperature
In order to use the quan~m Hall effect as a resistance standard, the temperature of the sample must be at least 4.2 K, and preferably, for most samples presently available, 1.2 K or less. Cooling a sample to 4.2 K is very easy to do, as this is the temperature of liquid 4He at its normal boiling poinl To cool the sample to temperatures of 1.2 K or less, 4He or 3He refrigerators are used. These refrigerators cool a bath of liquid 4He or 3He by reducing the vapor pressure over the bath by means of a vacuum pump. The following section discusses the advantages and disadvantages of these refrigerators.
Recent advances in closed-cycle refrigeration technology have led to great interest in using them to cool a quantum Hall resistance standard. Present closed-cycle refrigerators have many attractive advantages: they have a low cost of acquisition and maintenance, they do not require liquid cryogens, they cool the sample continuously, and only consume electricity. They are, however, only capable of producing minimum temperatures around 4.2 K, which is somewhat high for observing the quantum Hall effect. The following paragraphs summarize the advantages and disadvantages of these different cryogenic systems.
· LIQUID HELIUM-BASED REFRIGERATORS:
The systems presently used at NIST and in most other national standards laboratories are based on dewars filled with liquid 4He. The sample is placed in a separate chamber inside the dewar, called the "insert", which is filled with either liquid 4He or 3He. Special vacuum systems reduce the pressure in the insert, causing the liquid helium to evaporate and its temperature to drop to 1.2 K in the case of 4He, and 0.3 K in the case of 3He.
These systems have a number of advantages: the sample can be maintained at temperatures that are so low that the temperature effects discussed in Sec. 2.2.1above are quite small, or completely negligible and critical breakdown currents are quite high, so that the quantum Hall resistor performs close to its theoretical limits of accuracy. Because of the high heat conductivities of liquid 3He or superfluid 4He, the power dissipated in the sample, which can approach 100 J.1Wat high currents for the i =1 and 2 plateaus, is readily removed by the liquid helium that surrounds the sample, thus reducing the noise in the device. In addition, the superconducting magnets required to produce the high magnetic fields can be quite compact and inexpensive when they are cooled by liquid helium.
These refrigerators, however suffer from a number of rather severe disadvantages that have made them less attractive for use in commercial standards laboratories. Since the system must maintain the sample at the base temperature (1.2 K or 0.3 K depending on the type of system) for at least one working day (called the ''hold time"), and since about half the liquid helium boil$ (Vx)between G and the adjacent probe 1 occur at different magnetic fields. Since the magnetic field at which a plateau is observed is proportional to the electron concentration, this effect is due to strongly varying electron concentration in the Hall bar. One of the effects of this inhomogeneity is to cause the current flow in the bar to be misaligned relative to the axis of the bar, creating an effective Vx voltage drop between the Hall probes (on opposite sides of the bar), which adds to the Hall voltage and results in the observed deviation of the Hall resistance from its nominal value (see van der Wel, footnote 13). In this plot, the difference between the Hall resistance and its nominal value (hi 4e2)is plotted as a function of magnetic field, and one can see that the non-zero Vx at magnetic fields at which the Hall plateau is observed cause the Hall away when the bath is initially cooled from 4.2 K to 1.2 K, fairly substantial quantities of liquid helium are consumed:19 the liquid helium requirements for even conservative systems can be as high as 25 liters per day, which translates to an annual cost of over $50000 for liquid helium alone (assuming a cost of $8/liter). Both 3He and 4He refrigerators are fairly expensive to assemble: while the dewar can be fairly inexpensive, the vacuum system and the means for controlling and measuring the pressure in the insert (in which the sample is kept) contribute to the high cost of the system. Liquid helium is continually consumed by these systems, so periodically, new liquid helium must be transferred into them, a complex and time consuming process. This causes large thermal shocks to the system~and calibrations must be halted for a period of at least several hours after a transfer to allow these thermal gradients to be eliminated.
· "LOW-LOSS" DEWAR:
Since the largest costs in acquiring and oPerating the refrigerated systems described above are the costs of the refrigerator and the liquid helium consumed in the refrigeration process, the easiest way to reduce the cost of the cryogenic system is to eliminate the refrigerator and operate the system at 4.2 K, the temperature of liquid 4He at its normal boiling point. Such a system would consist simply of a heavily ins~lated dewar filled with liquid 4He. While consuming vastly less liquid 4He than the 4He or 3He refrigerators described in the previous paragraph, a low-loss system would still consume liquid 4He: heat conducted down the magnet leads and down the electrical leads to the sample would cause the liquid helium to boil off. The rate of consumption of liquid 4He could be greatly reduced either by establishing the desired magnetic field, placing the superconducting magnet in persistent current mode, and removing the magnet leads, or by installing a cooling device connected to a closed-cycle refrigerator at the top of the dewar to re-condense the helium vapors, and prevent any loss of liquid helium. Such arrangements are commonly used on dewars for superconducting magnets used with magnetic resonance imaging systems, and hold times of more than 6 months can be achieved readily.
Low-loss dewars would retain many of the advantages of refrigerated systems: the magnet would still be bathed in liquid helium; the sample would still be bathed in liquid 4He, although liquid 4He at 4.2 K is not a superfluid and does not have quite as high a heat conductivity as superfluid 4He, so the sample may be somewhat noisier than in one of the refrigerated systems described above. Because of the long hold times, liquid helium would have to be transferred into the dewar only once or twice a year, as opposed to once per day, so the daily "dead time" of several hours required with the liquid helium refrigerators described previously could be eliminated, permitting essentiaIly continuous operation of the quantum .Halldevice as a resistance standard.
The greatest disadvantage to the use of low-loss dewars is that they can only provide temperatures of 4.2 K, and would require the development of samples that could be operated at this temperature. While such samples are not widely available at present, it appears that with some research, they could be produced (see Sec.2.2.1above), making it possible to consider the use of low loss dewars for maintaining a quantum Hall resistance standard. There are several difficult problems that would have to be resolved before closed-cycle refrigerators could be used in a QHE-based resistance standard system. First, a sample that could be used as a resistance standard at 4.2 K would have to be developed. This problem is more serious for closed-cycle refrigerator-based systems than for low-loss dewars, for in the latter case, the sample is bathed in liquid helium, which cools it, while in a c1osed-cycle refrigeratorbased system the sample is mounted on a heat sink connected to the refrigerator. This creates the problem of removing the power dissipated in the sample during calibrations. Any heat genera ted in the quantum Hall device must be conducted through the substrate to the refrigerator. The heat conductivity of GaAs, however, is not very high at 4.2 K, so power dissipated in the 2 DEG layer on top of the quantum Hall device might not be readily conducted through the substrate to the cryo-cooler, and the sample could heat up, and might be very noisy, if it could be used as a resistance standard at all. Some research would have to be conducted to determine the maximum currents that could be used in the devices under such conditions.
Another problem that would have to be addressed is the cooling of the magnet. As discussed in Sec.2.2.4 above, superconducting solenoids are required to produce the magnetic fields in the range of 4-8 T that are required for operation of quantum Hall devices as resistance standards. Present solcnoid designs generally must be cooled with liquid helium during operation. In order to use a c1osed-cyc1e refrigerator for a QHE-based standards system, a new magnet design, in which the magnet was cooled by conduction through a heat sink, would have to be developed. Recently, superconducting magnets that can be cooled by c1osed-cyc1e refrigerators have been reported, so this problem can apparently be solved.20 Yet another problem that would have to be investigated is whether vibrations from the refrigerator, which is mechanically attached to the cold head on which the sample is mounted, would affect the operation of the QHE device as a resistance standard. Research would have to be conducted to determine how these factors affected the use of the quantum Hall device as a resistance standard, and at present no work on any of these problems has been done so it is difficult to assess the probability that these efforts will be successful.
Magnetic field
As discussed in Sec. 2.2.4, fairly high magnetic fields of at least several tesla are required to observe the quantum Hall effect. There are a number of different ways of providing these fields. Generally, conventional room-temperature electromagnets are not desirable, as they can only produce fields of at most 2-3 tesla over fairly small volumes, and it is difficult to maintain the sample at the required cryogenic temperatures in such a configuration. Recently developed permanent magnets, made of such high magnetic energy density rare earth permanent magnet materials as Nd-Fe-B, can produce fields as high as 2 to 2.5T at room temperature without the need for external power supplies.21 In order for these magnets to be of utility, one would have to have quantized Hall devices that produced standards-quality resistance plateaus in this range of field. While this has not been done to date, there is a possibility that with some research, samples might be produced that exhibit an i =1 or 2 plateau that is of sufficient quality to be used as a resistance standard in this field range. Were such samples available, these rare earth pennanent magnets would be the magnets of choice for quantized Hall resistance standards, as they would not even have to be cooled to cryogenic temperatures to operate, would not require any bulky power supplies, and would not require any current leads, which conduct heat into the cryogenic system and increase the consumption of liquid helium.
Unfortunately, such devices would require a fair amount of research to produce, and are not presently available. As discussed in Sec. 2.2.4, currently available devices require magnetic fields in the range of 4 to 8 tesla (40000 to 80 000gauss), which can only be produced using superconducting solenoids. The type of superconductor, and size and design of the solenoid required are determined primarily by constraints imposed by the cryogenic system and the sample.
Stability:
If the solenoid is to be used with a cryogenic system capable of producing temperatures less than 1 K, the solenoid need not produce a particularly stable magnetic field, for the quantized Hall resistance plateaus are so broad and constant in value at those temperatures (cf. Fig. 1 ), that small drifts in magnetic field will not affect the value of the Hall resistance. If the cryogenic system will only be capable of temperatures == 4.2 K, then the resistance plateaus will not be broad, and if they have a slope, resistance calibrations will only be possible at the magnetic field at which Vx is a minimum. As a result, the magnet must be extraordinarily stable, capable of maintaining a set magnetic field without drifting for periods of at least 8 hours, for any drifts in magnetic field will result in drifts in the value of the resistance of the Hall device and an error in calibration. The exact limits on the drift in the field over this time depend on the slope of the Hall plateau, and the accuracy of calibration, and some research would have to be conducted in order to determine these limits. It is quite likely, however, that high quality superconducting solenoids available today will meet these specifications.
Physical Size: The size of the magnet is particularly important if a closed-cycle refrigerator is Small maane:-faster to scan,but higher to be used to coolthe sampleand magnet. Thesmallerthe magnet,the less its thermal mass,and heat leak the more quickly it can be cooled. Design Criteria for Commercial QHE Resistance Standard diameterand 125mm (5 inches)longcan producea fieldof == 8 T using fairlyfew turns. It will have a low inductance (~1 henry), and the magnetic field can be scanned at a fairly high rate (several tesla/minute). As a result, the tests required to set up the calibration conditions (namely the determination of the magnetic field that minimizes Vx) can be performed quite quickly. Suchmagnets,however,use high currents(80-150 A) and requirelargecurrent leads (== 7-8 mm dia.) which conduct more heat into the refrigerator and increase the rate of consumption of liquid helium. In conventional dewar systems, the heat leak can be eliminated by increasing the current in the magnet to produce the desired magnetic field, placing the magnet in persistent current mode, and removing the magnet leads. If a closed-cycle refrigerator is used to cool the system, the heat leak can be reduced by thermally anchoring the leads to the upper stages of the closed-cycle refrigerator, which have larger cooling power than the last (low temperature) stage, but the problem cannot be eliminated.
The heat-leak problem can be greatly reduced by reducing the magnet current required to produce the desired fields, and hence the size of the magnet leads. Such a magnet will be larger in size, have many more turns, have a much higher inductance (possibly in the range of 10-80henries), and will be capable of much slower maximum scan rates (possibly on the order of 0.01T/ min to 0.1 T/min). The current required, however, will be significantly lower (possibly 5-20 A), and the heat leak posed by the magnet leads can be quite minor. Such a magnet design has many advantages that recommend it for use with low-loss dewars: not much heat is conducted down the magnet leads, which will increase the hold time of the dewar. Since such systems have very long hold times, the process of setting the magnetic field to the value that minimizes Vx will not have to be done very frequently, and the increased time required for this operation will not be a drawback. In the case of closed-cycle refrigerators, however, it must be determined whether a solenoid with many turns can successfully be cooled without liquid helium.
Material:There are two different superconducting materials commonly used for producing solenoids, NbTi and Nb3Sn. NbTi has a superconducting transition temperature of about 10K, and one must cool it to 4-5 K to get fields in the range of 4-8 T, so such a magnet would necessarily have to be cooled by the last stage of a closed-cycle refrigerator, placing a rather large load on it. The maximum field that can be produced by NbTi solenoids at 4.2 K is about 9 T. Nbpn wire has a much higher critical temperature (Tc =18 K with no applied magnetic field), and solenoids made from Nb3Sn can produce fields as high as 9 T at temperatures as high as 10-14K. This makes Nb3Sn attractive as a material for producing magnets for systems cooled by closed-cycle refrigerators [see footnote 20],as the magnet could be cooled by the second stage of the refrigerator, which for typical present 3-stage refrigerators is at~15K. Since the second stage of the refrigerator has a higher refrigeration capacity, the heat load on the final, low-temperature stage of the refrigerator is thereby minimized. Nb3Sn solenoids are also attractive for use in liquid helium cooled systems (including low-loss dewars), as they can achieve fields of~12Tat 4.2 K and can therefore be used to perform resistance calibrations with both the 6 453.201 750 a economic as well as technical grounds: a low-loss dewar system can use either NbTi or Nb3Sn solenoids, but a closed-cycle refrigerator may require a Nb3Sn solenoid.
Measurement system
In order for a quantized Hall effect-based resistance standard to be competitive with current wire resistor-based systems, the measurement system used to compare resistors to the quantized Hall resistance will have to be capable of uncertainties of the order of 10-8,as discussed in Sec. 1.3 above. National standards laboratories, including NIST, have developed a number of measurement systems that meet these requirements. Unfortunately, most of these systems are very complex and time consuming to build, but it is possible that they might be commercialized if the need exists. This section summarizes the different types of measurement systems that have been developed that meet the accuracy requirements in Table II .
de measurement systems
PotentiometricSystems: NIST for many years used a potentiometric bridge to maintain the national standard of resistance using the quantum Hall effect.22 In this bridge, the resistor to be calibrated and the Hall resistor were placed in series, and the same current flowed through both of them. A battery-powered potentiometer was then adjusted to produce the same voltage as the voltage drop across the Hall resistor. The potentiometer was then connected across the test resistor (which was of nominally the same value as the Hall resistor), and the difference between the potentiometer voltage and the voltage drop across the test resistor was measured using a lownoise (room-temperature) detector. The difference between the resistances of the test resistor and the Hall resistor was then determined from the detector output. This bridge was capable of uncertainties (due to random effects) of about 0.01ppm (depending on the noise of the detector used) in measurement times of about 10minutes. Its main drawback was that it could only compare resistors with nominally the same value. Resistors of other values could only be calibrated against it using special networks of 4-terminal resistors, called Hamon networks, that could be connected in series and parallel to produce large and small resistances (See Dziuba et al., footnote 1). This calibration must be performed using other measurement systems, such as Kelvin bridges. The need for using the Hamon networks decreases the calibration accuracy and increases the time and cost of calibrations. Indeed, NIST itself has recently stopped using this technique because of the time and care required to use it.23 DVM Method:This system is a variation of the potentiometric system (See footnote 4). Instead of using a potentiometer to compare the voltage drops across the test resistor and the Hall resistor, a high accuracy digital voltmeter is used. This technique is presently capable of one standard deviation uncertainties (see footnote 2) of about 0.1 ppm, but measurement times of about 8 hours (with 25 J,1A measurement current) are required. It is probable that the measurement 22 G Marullo-Reedtz and ME Cage, "An Automated Potentiometric System for Precision Measurement of the Quantized Hall Resistance," J. Res. Nat. Bur. Stand. 92(5)303-310(Sept. 1987 The main advantages of this system are that it is inexPensive, can be assembled entirely from commercially available pieces, and can achieve uncertainties~0.1 ppm when comparing resistors with values that differ by as much as a factor of 4 (and perhaps even more, though detennination of the maximum scaling factor would require more research). This system is therefore the most readily commercialized measurement system available. The main disadvantage is that the DVM noise and stability and the quality of the switches in commercial scanners limit the ultimate accuracy of this technique to only 0.03 -0.1 ppm, which is only slightly better than the accuracy presently being achieved with wire resistors and conventional commercial measurement systems (see Sec. 1.1).
reof Cryo~enic Current Comparators: NIST presently uses a cryogenic current comparator to maintain ling: however, very complex, and took many years to build. The test resistor and the Hall resistor are placed in separate circuits, and current is supplied to each by two separate current sources. The currents are chosen so that if the two resistors had their nominal values, the voltages across them would be exactly equal. The difference between the actual value of the resistor being calibrated and its nominal value causes the voltage across it to be slightly different than that across the Hall resistor, and this difference is monitored with a detector. The detector output is amplified and fed back to a circuit that increases the current in the secondary resistor until the voltages across the resistor and the Hall device are equal. The magnitude of this correction current is proportional to the difference between the actual value of the resistor being calibrated and its nominal value. Since the detectors can be all cryogenic [superconducting quantum interference devices (SQUIDs)maintained at 4.2 K], noise in the current comparator and detector, which is one of the primary limitations of the other techniques described above, is extremely low. This system is capable of uncertainties (due to random effects) of the order of 0.01ppm with measurement times of less than 1 minute. Furthermore, it is capable of comparing resistors with different values without sacrificing accuracy, and is clearly superior to any of the other measurement systems available. Because of its complexity, however, it is difficult to manufacture, and is not readily commercialized.
ac measurement systems
Low-frequency room-temperature ac currentcomparator: One of the reasons for the complexityof dc measurement systems is that they are sensitive to thermal voltages and some types of noise, and special measurement procedures must be followed to minimize the influence of these effects on the calibration. Since low frequency ac measurement systems are insensitive to these effects and since it has been demonstrated that the resistance of quantum Hall devices is independent of frequency (over a limited range of low frequencies), it would appear to be possible to calibrate standard resistors using a quantum Hall resistor and an ac bridge, provided that the resistance of the standard resistor was the same for dc as well as ac. While there is a difference between the dc resistance of a wire resistor and its ac impedance, called the ac-dc difference, it is usually very small (typically a few parts in 109at frequencies S 1 Hz), and the BIPMhas recently developed a low-frequency ac bridge to calibrate resistors against the quantum Hall resistor.24
This bridge is based on a current comparator circuit, but instead of cryogenic detectors, it uses tuned room temperature ac detectors to minimize the effect of noise. Such low-frequency ac current comparator bridges are capable of highly accurate (uncertainty due to random effects S 0.01ppm) comparisons of resistors in S 20 minutes. The ultimate accuracy of these bridges is limited by the ratio error in the current comparator (which can be made as low as 0.001ppm), noise in the detector, and the ac-dc difference of the resistor being calibrated. The low-frequency ac current comparator built by BIPMhas been demonstrated to be capable of comparing 1 Q resistors with a one standard deviation uncertainty of several parts in 109,but this accuracy has not yet been demonstrated for comparisons between a quantum Hall resistor and a 10k.Qor 100Q resistor. While the ac bridge achieves accuracies only slightly worse than the cryogenic current comparator without the need for expensive cryogenic fluids to cool it, it is, however, still quite complex, requiring special tuned circuits and carefully guarded detector coils that have complex electrostatic and magnetic shields. Research would have to be done to determine the ultimate accuracies achievable with this bridge when comparing quantum Hall resistors to 10 k.Qand 100Q resistors, and to determine the magnitudes of the ac-dc differences for 10kQ and 100Q resistors.
ac Bridge: An ac bridge couldpermit the quantum Hallresistorto be used as an ac impedance standard at frequencies of up to 1.5 kHz. AC bridges would not be used to calibrate dc standard resistors, since their ac-dc difference at these frequencies is quite high. Rather, an ac bridge would be used with a quantum Hall resistor as an intrinsic standard of ac impedance in the audio frequency range, and could possibly replace other systems, based on standard capacitors and inductors, that are currently in use. AC bridges are currently under development at NIST, and much research remains to be done to determine their ultimate limits of accuracy.
Possible QHE-based resistance standard systems
In order to be commercially viable, a quantum Hall effect-based resistance standard has to offer advantages in performance, cost of acquisition and operation, or both, over the resistance standard systems presently on the market. The first section of this manuscript described presently available resistor calibration systems, and set performance limits that a quantum Hall effectbased system would have to meet in order to be competitive with them. The problem of producing a quantum Hall effect-based system that meets these performance limits was shown to reduce to three separate problems that were each discussed in detail in the second section of this manuscript:
i) the problem of producing a suitable QHE device capable of meeting the specifications shown in Table I ;
ii) the problem of developing an inexpensive, preferably closed-cycle refrigerator-based, cryogenic system capable of cooling the sample and a superconducting solenoid to temperatures of around 4.2 K without significant adverse effects on the performance of the sample; and iii) the problem of developing a suitable high accuracy measurement system with specifications shown in Table II .
This section considers the problem of integrating existing and developing commercially available cryogenic and measurement technologies to produce specific QHE-based resistance standard systems. A QHE-based resistance standard system can be assembled today entirely from commerciallyavailable parts (see Sec. 3.1), but it would not meet all of the requirements discussed in Sec. 1.
In order to meet those requirements, new technologies presently under development must be used. The simplest system, which is the least expensive to assemble today with off-the-shelf technology, would use the second cryogenic system (4Herefrigerator) and the magnet and measurement system shown in the first line of the table. Such a system is described in Sec. 3.1, but it would only achieve uncertainties comparable to those available presently with much less expensive and much less complex non-QHE-based resistance standards, and would not therefore find a large market. A more sophisticated system could be assembled using the low-loss dewar (co!. 1 of Table  III) , a superconducting solenoid (co!.2 of Table III ) and the DVM-based measurement system (co!. 3 of Table III ),but some research and development would have to be done for this system to meet the requirements for commercial viability. The challenges involved in realizing this system are described in Sec. 3.2.
Sec.3.3 describes a more ambitious system utilizing a closed-cyclerefrigerator, superconducting solenoid, and cryogenic current comparator that would greatly exceed the performance of presently available non-QHE-based resistance standards systems, and might potentially be competitive in cost with those systems. This system, however, requires the full development of a number of technologies that are presently being developed, and this section describes some of the research that would have to be undertaken in order to successfullybuild this system. The most ambitious QHE-based resistance standard system would use all of the technologies at the bottom of Table III , including a closed-cycle refrigerator, a permanent magnet, and a room-temperature ac comparator, none of which are commercially available today. If all these systems could be made to work as planned, this system would be extremely cost-effective, yet would have a performance that far exceeded anything commercially available today, and would even rival the performance of the systems presently in use at national standards laboratories. The realization of such a system would, however, require the solution to many very challenging problems, as described in Sec.3.4. Measurement System: Cryogenic current comparator (CCC) or low frequency room temperature ac (~2 Hz) current comparator bridge.
Challenges
Sample: All of the sample fabrication problems described in Sec.3.1.3 and Sec. 3.2.3 would have to be solved. In addition, since the sample will be mounted on a heat sink rigidly attached to the end of the closed-cycle refrigerator, the effect of vibrations and temperature fluctuations that occur naturally during the refrigerator's cycle on the performance of the sample as a resistance standard would have to be investigated. In addition, the sample would not be bathed in liquid helium, so the problem of removing power dissipated in the sample would have to be addressed. As discussed in Sec. 2.3.1, the sample is bathed in liquid helium in present systems, and this removes the heat dissipated in the sample very effectively. This will not be the case in a closed-cyc1erefrigerator, and the maximum device currents that can be used without causing significant self-heating of the quantum Hall resistor will have to be determined.
Magnet: One of the two big challenges in realizing this system is to design a magnet that can supply a magnetic field of at least 6 T without being cooled by liquid helium. The problem is to devise a method for removing heat generated by the magnet when the magnetic field is increased to the Hall plateau value so as to maintain the magnet temperature below the critical temperature at which it ceases to be superconducting. Usually, magnets are bathed in liquid helium, which is an efficient conductor of heat. To provide such a bath of liquid helium with a c1osed-cyclerefrigerator would require one with a large capacity, which would be expensive, noisy, require frequent maintenance, consume much electricity, and require the storage of large quantities of helium gas. Alternatively, a heat sink capable of rapidly absorbing heat generated by the magnet would have to be developed. In addition, highly reliable c1osed-cyc1erefrigerators would be required, for a refrigerator failure could result in damage to the magnet. Magnet manufacturers are presently investigating such magnet designs, and some preliminary successes have been reported (see footnote 20).
Measurement System: The second big challenge in realizing this system is to develop the cryogenic current comparator (CCC)or ac current comparator technology. Such comparators have been built at NIST (cryogenic comparator) and the BIPM(ac current comparator) , but these systems are extremely complex, and scarcely amenable to commercialization at the moment. In addition, present CCCs must be cooled to liquid helium temperatures. In order to minimize the costs of maintaining this system, all liquid helium-consurning components must be eliminated. Since CCCs are extremely sensitive devices, however, these comparators could not be cooled with closed-cycle refrigerators, as noise and vibrations from the compressors in the refrigerator would prevent the CCC from operating. Cryogenic current comparators using high-Tc superconductors are presently under development at NIST, and these might be operated at liquid nitrogen temperatures, which can be attained far more easily and inexpensively. The ac current comparator, on the other hand, has been demonstrated to operate with only room temperature components, but much research remains to be done to determine the ultimate accuracies attainable with it when comparing quantum Hall resistors to 10kQ and 100 Q resistors. The magnitudes of the ac-dc differences for different 10kQ and 100a resistor designs will have to be determined. Finally, it will have to be determined whether the complex shielding and guarding arrangements required by the ac current comparators can be simplified sufficiently to make them commercially viable.
Time Scale: Most of the sample fabrication problems were described See.3.2.3 above, and as mentioned there, they will take about 4 years or more to solve. The additional sample problems specific to the use of the closed-cycle refrigerator described above will have to be addressed, and may take a year or more to investigate. At present it is not possible to predict whether this effort will be successful. Since it is not clear whether a sample can be made that can operate at temperatures above4.2 K, such as at 5.5 K (the temperatures produced by state-of-the-art twostage refrigerators), the closed-cycle refrigerator would definitely have to be able to produce temperatures of 4.2 K or below. The development of the current comparators could take an addi tional several years.
Possible universal impedance standard system
This is essentially the same system as discussed in See.3.3 above, except that a new ac measurement system would have to be developed that would permit the quantum Hall resistor to be used as a standard of impedance.
3.4.1. Capabilities Accura~:
de: One standard deviation uncertainties~0.01 ppm in 10-30min for dc calibrations of resistors with values up to 100:1; J!£ : (frequency == 1.5kHz): S 1 ppm in 8 hours.
Current:~l(0)lA.
Temperature:~3.8 K.
Magnetic Field: 4-6 T for QHE measurements with 8 T maximum field superconducting solenoid, though possiblymight be able to use 2 to 25 T field.
System
Cryogenic System: Oosed-cycle refrigerator as described in See.3.3.2 above.
Magnet: (as above, See 3.3.2) If samples can be developed that exhibit usable resistance plateaus at fields as low as 2 T to 25 T, the use of a Nd-Fe-B permanent magnet can be considered.
Measurement System: k cryogenic (dc) or low frequency ac (~2 Hz) current comparator; Ilk:ac bridge, quadrature bridge, or higher frequency current comparator operating at == 1.5kHz.
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Design Criteria for Commercial QHE Resistance Standard
Challenges
Sample. cryogenic system. and magnet: All of the sample fabrication problems described in Sec.3.3.3. would have to be solved. In addition, if samples that exhibited usable plateaus between 2 and 25 T could be made, then some research would have to be done to determine if variable field 2 T rare-earth permanent magnets could supply magnetic fields that were strong enough, and homogeneous enough for resistance standards work (see footnote 21).
Measurement System: The challenges involved in realizing the dc measurement system were described in Sec.3.3.3;to realize this system the primary challenge would be designing and building the ac measurement system. The development of the ac quantum Hall effect as an ac impedance standard is currently an active area of research both here at NIST and in Europe (see footnote 8), and much work and time will be required before it will be possible to use the quantum Hall effect as an ac impedance standard.
Time Scale: The development of the ac quantum Hall effect as an ac standard of impedance could take 5 years or more, as work is just beginning on this subject. Once it was established that the effect could be used as an intrinsic impedance standard, a commercial prototype of the system would have to be designed and built, which would take another several years, so this is quite a long-range project. On the positive side, a closed-cycle refrigerator-based "dc" standard of resistance using the QHE could at a later date be upgraded to perform ac calibrations simply by adding a new measurement system, without altering the cryogenic system or sample.
Conclusion
Resistance standard systems consist of two main components: a resistance standard with a known, reproducible value of resistance, and a measurement system for comparing other resistors to the resistance standard. Presently, wire resistors are used as resistance standards, but their values drift by as much as several tenths of a part per million with time and environmental conditions. These drifts are, however, of the same order of magnitude as the resolution of current measurement systems (0.1ppm to 1 ppm). Since the quantum Hall resistance does not drift with time, and is insensitive to environmental factors, it can be used as a resistance standard with uncertainties less than 0.003ppm. While it would appear to be desirable to simply replace wire standard resistors with quantum Hall resistance systems, the high cost of the cryogenic system and superconducting magnet required to observe the quantum Hall effect have prevented quantum Hall resistance standards from being widely used. Another factor that has inhibited the widespread dissemination of the quantum Hall effect as a resistance standard is that only very low currents can be used with it, and the measurement systems presently in wide use would have difficulty achieving accuracies of even 1 ppm with such low currents.
The problem of making a quantum Hall effect-based resistance standard that would be competitive with systems currently in use therefore requires the solution of three problems: the development of suitable quantum Hall devices, of an inexpensive cryogenic system for cooling the quantum Hall resistor, and the development of a new, simple, automated measurement system capable of uncertainties of the order of 0.01 ppm (about an order of magnitude better than current systems). Section 2 of this manuscript discussed the various technical problems that would have to be solved to realize these goals, and in Sec.3, several possible quantum Hall effect systems that could be commercialized were presented, together with an assessment of the difficulty in making them.
It is clear that a quantum Hall device that can be used as a resistance standard at 4.2 K with currents approaching 80IJ,Ato 100IJ,Awould permit the use of inexpensive cryogenic systems and would go a long way toward making a quantum Hall effect-based resistance standard commercially viable. Unfortunately, such a system is not presently deliverable, and would require a significant research effort to realize. A resistance standard utilizing a low-loss dewar and operating at 4.2 K and currents approaching 50 IJ,A, while still requiring a fair amount of research to realize, appears to be somewhat more feasible at present. Such a system would be far less costly than present liquid helium refrigerator-based systems, but may not be as cost-effective as closedcycle refrigerator-based systems might prove to be.
As regards measurement systems for calibrating other resistors against this quantum Hall effectbased standard, several are available that can deliver uncertainties between~0.01 ppm and 0.1 ppm. The DVM-based measurement system, capable of calibrating resistors with values that differ by as much as a factor of 4 with uncertainties between 0.03 and 0.1 ppm, is the simplest and most easily commercialized of the lot, but offers only moderate improvement over present wireresistor-based calibration systems that are capable of calibration uncertainties of 0.1 ppm, and are far less costly. The other systems that are available can achieve uncertainties of~0.01ppm, which far out-performs current wire resistor-based calibration systems, but these systems are vastly more complex and some research would be required to simplify these systems to make commercialization cost effective.
